The structures of excited states in 34 S are investigated using the antisymmetrized molecular dynamics and generator coordinate method (GCM). The GCM basis wave functions are calculated via energy variation with a constraint on the quadrupole deformation parameter β. By applying the GCM after parity and angular momentum projections, the coexistence of two positive-and one negative-parity superdeformed (SD) bands are predicted, and low-lying states and other deformed bands are obtained. The SD bands have structures of 16 O + 16 O + two valence neutrons in molecular orbitals around the two 16 O cores in a cluster picture. The configurations of the two valence neutrons are δ 2 and π 2 for the positive-parity SD bands and π 1 δ 1 for the negative-parity SD band. The structural changes of the yrast states are also discussed.
Dynamic structural changes under excitation are significant properties of nuclei. Superdeformation and clustering are typical changes. With the development of techniques for γ spectroscopy experiments, superdeformed (SD) bands have been observed in the A ∼ 40 region, for example, in 36, 38, 40 Ar [1] [2] [3] , 35 Cl [4] , 40,42 Ca [5] [6] [7] [8] , and 44 Ti [9] , and microscopic theoretical studies have shown that these bands have multiparticle-multihole (mp-mh) excited structures. Clustering is a typical structure in the light mass region, for example, in 8 Be, 12 C, 16 O, and 20 Ne [10, 11] . In the A ∼ 30-40 region, cluster correlations in highly deformed states have also been discussed [12] [13] [14] [15] [16] . To clarify the dynamic structural changes of nuclei, it is necessary to study the nuclear structure in terms of both deformation and clustering. However, those studies have been insufficient. S isotopes (Z = 16) are suitable nuclei for studying deformation and clustering caused by excitation. S isotopes are expected to be favorable for the formation of SD bands because Z = 16 is considered a magic number of superdeformation. The existence of SD bands in S isotopes has been discussed in the frameworks of a meanfield model [17] , a cluster model [12] , and antisymmetrized molecular dynamics (AMD) [13] . In terms of clustering, S isotopes are key nuclei in the sd shell. S isotopes are analogs of Be isotopes because those isotopes can form systems consisting of two doubly closed shell nuclei ( 16 O and α for S and Be isotopes, respectively) and valence neutrons. In Be isotopes, structures consisting of α + α + valence neutrons in molecular orbitals are thought to develop in low-lying states, with the valence neutrons in molecular orbitals around two α cores [18] [19] [20] [21] [22] [23] [24] [25] . The SD states in 32 S are predicted to contain many 16 O + 16 O cluster structure components [12, 13] . They suggest the existence of SD states that have 16 O + 16 O + valence neutrons in the molecular orbital structure in S isotopes. By a γ spectroscopy experiment, the structures in 34 S are investigated up to the J π = 10 + and (9 − ) states for positive-and negative-parity states, respectively, mainly for the yrast states [26] . The B(E2) value of the transition 8 + 1 (10.650 MeV) → 6 + (8.503 MeV) is 27 ± 15 B Wu (E2) [26] , which is large enough that the J π = 6 + and 8 + states can be interpreted as members of a rotational band, where B Wu (E2) is the Weisskopf unit. Analysis using a shell model shows that the yrast states for J π ≥ 6 + are 2 ω excited states, whereas those for J π ≤ 4 + have 0 ω configurations. For the negativeparity states, a shell model shows that the yrast states have 1 ω configurations up to J π = 9 − . In contrast to the yrast states, the structures of the non-yrast states with mp-mh configurations have never been clarified.
34 S is an analog of 10 Be because both isotopes can form a system consisting of two doubly closed shell nuclei and two valence neutrons. In low-lying states in 10 Be, structures consisting of α + α + two valence neutrons in molecular orbitals are thought to develop [18] [19] [20] 22] . The molecular orbitals around the α + α are formed by linear combination of 0p 3/2 orbits around the two α cores. This paper is organized as follows. In Sec. II, the framework of this study is explained briefly. In Sec. III, the numerical results are presented. In Sec. IV, the structures of the SD and yrast states are discussed. Finally, conclusions are given in Sec. V.
II. FRAMEWORK
In this section, the framework of the study is explained briefly. The details of the framework are provided in Refs. 27-29.
A. Wave function
The wave functions in low-lying states are obtained using parity projection and angular momentum projection (AMP) and the GCM with deformed-basis AMD wave functions. A deformed-basis AMD wave function |Φ is a Slater determinant of Gaussian wave packets that can deform triaxially such that
whereÂ denotes the antisymmetrization operator, and |ϕ i denotes a single-particle wave function. Further, |φ i , |χ i , and |τ i denote the spatial, spin, and isospin components, respectively, of each single-particle wave function |ϕ i . The real 3 × 3 matrix K denotes the width of the Gaussian single-particle wave functions that can deform triaxially and is common to all nucleons. Z i = (Z ix , Z iy , Z iz ) are complex parameters denoting the centroid of each single-particle wave function in phase space. The complex parameters χ ↑ i and χ ↓ i denote the spin directions. Axial symmetry is not assumed.
B. Energy variation
The basis wave functions of the GCM are obtained by energy variation with a constraint potential V cnst after projection onto eigenstates of parity,
whereĤ andP r denote the Hamiltonian and parity operator, respectively. The variational parameters are K, Z i , and χ ↑,↓ i (i = 1, ..., A). The isospin component of each single-particle wave function is fixed as a proton (π) or a neutron (ν). The Gogny D1S force is used as the effective interaction.
To obtain the deformed wave functions, the constraint potential V cnst for the matter quadrupole deformation parameter β of the total system is used.
C. Generator coordinate method
The optimized wave functions are superposed after parity projection and AMP by employing the quadrupole deformation parameter β,
MK is the parity and total angular momentum projection operator, and |Φ(β i ) are optimized wave functions with a constraint for β = β i . The integrals over the three Euler angles in the total angular momentum projection operatorP J MK are evaluated by numerical integration. The numbers of sampling points in the numerical integration are 23, 27, and 23 for α, β, and γ, respectively. Here the body-fixed x, y, and z axes are chosen as x 2 ≤ y 2 ≤ z 2 for the γ < 30
• wave functions and
• ones. The coefficients f i are determined by the Hill-Wheeler equation,
Then we obtain the energy spectra and the corresponding wave functions, which are expressed by the superposition of the optimum wave functions, {|Φ(β i ) }.
III. RESULTS
A. Energy variation
Energy curves
Figures 1 and 2 show the energy surfaces as functions of the quadrupole deformation parameter β for the positiveand negative-parity states, respectively, obtained by energy variation with a constraint on β after parity projection. The energies projected onto the J π = 0 + , 3 − , and 4 − states are also shown.
In the positive-parity energy surface ( the negative-parity energy surface ( Fig. 2) , three local minima exist around β = 0.2, 0.5, and 0.7. In the slightly deformed region, β < 0.6, the J π = 3 − components have the lowest energies after AMP. Highly deformed wave functions, β > 0.6, have few J π = 3 − components, and the J π = 4 − components have the lowest energies. and negative-parity states, respectively. The quanta [N n z Ω] in the Nilsson picture are also shown for the two highest orbits of neutrons in the highly deformed region. The particle-hole configurations change dramatically depending on its deformation. In the positive-parity states (Fig. 3) , two orbits are degenerate because of time-reversal symmetry. The particle-hole configurations change at β = 0.36, 0.52, and 0.7. In the slightly deformed region (β < 0.36), the wave functions have the lowest allowed configurations. At β = 0.36, the neutron orbits originating in the sd and pf shells cross, and two neutrons move from orbits originating in the sd shell to orbits originating in the pf shell, which indicates 2 ω excitation in a spherical shell model picture. At β = 0.52 and 0.7, two protons and neutrons move from orbits originating in the sd shell to orbits originating in the pf shell. The particle- hole configurations of all the positive-parity states are (n π , n ν ) = (0, 0), (0, 2), (2, 2), and (2, 4) for β < 0.36, 0.36 < β < 0.52, 0.52 < β < 0.7, and β > 0.7, respectively, where n π and n ν are the numbers of protons and neutrons, respectively, in the single-particle orbit originating from the pf shell. 
reveals that the ψ In the negative-parity states (Fig. 4) , the degeneracy is resolved by breaking of the time-reversal symmetry. The particle-hole configurations change at β = 0.4 and 0.6. At β < 0.4, the highest neutron orbit originates in the pf shell and is a 1 ω excited configuration in a spherical shell model picture. The sd-shell-oriented and pf -shell-oriented orbits cross at β = 0.4 and 0.6 for protons and neutrons, respectively. The particle-hole configurations of all the negative-parity states are (n π , n ν ) = (0, 1), (1, 2) , and The proton components of the n π = 2 wave functions have similar density distributions for both positive-(β > 0.5) and negative-parity states (β > 0.6), and they have neck structures, as shown in Fig. 5(c) . The particle-hole configurations and density distributions of the lower 16 neutrons are similar to those of protons in the highly deformed region. components differ; they are n ν = 2, 3, and 4 for the cores are discussed in the Nilsson picture.
The lowest orbit around an 16 O core is a 0d 5/2 orbit. By linear combination of 0d 5/2 orbits around two 16 O cores, molecular orbitals around the two 16 O cores are formed. Figure 7 shows schematic illustrations of the formation of molecular orbitals around two spherical 16 O cores. Here, the two 16 O cores are located on the z axis (horizontal axis), and a cylindrical coordinate system is used in this section because of axial symmetry around the z axis.
The 0d 5/2 orbits around the 16 O cores form δ, π, and σ orbitals, which are formed from two (l, |l z |) = (2, 2), (2, 1), and (2, 0) orbits, respectively, around the left and right 16 O cores. For the δ orbital, the (l, |l z |) = (2, 2) orbits have no node in the z direction, as shown in the left column of Fig. 7(a) . Therefore, the δ orbital also has no node in the z direction, as shown in the right column of Fig. 7(a) . Similarly, the numbers of nodes of the π and σ orbitals are two and four in the direction of the z axis, as shown in Figs. 7(b) and (c), respectively. In the radial direction, they have no node because a 0d orbit has no node in the radial direction. This shows that the quanta of the δ, π, and σ orbitals are [202] (Figs. 3 and  4 ) and the coexistence of two positive-and one negativeparity SD bands (Fig. 6) 
V. CONCLUSIONS
The structure of the SD states in 34 S were investigated using the AMD and GCM. By superposing the AMD wave functions calculated via energy variation with a constraint on the quadrupole deformation parameter β, the coexistence of two positive-and one negative-parity SD bands is predicted. The SD states have mp-mh configurations, and they are interpreted as a structure consisting of 16 
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